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4-ChloroguiacolAbstract The optimal activated carbon produced from Prosopis africana seed hulls (PASH-AC)
was obtained using the impregnation ratio of 3.19, activation temperature of 780 C and activation
time of 63 min with surface area of 1095.56 m2/g and monolayer adsorption capacity of 498.67 mg/g.
The adsorption data were also modeled using ﬁve various forms of the linearized Langmuir
equations as well as Freundlich and Temkin adsorption isotherms. In comparing the legitimacy
of each isotherm model, chi square (v2) was incorporated with the correlation coefﬁcient (R2) to
justify the basis for selecting the best adsorption model. Langmuir-2 > Freundlich > Temkin
isotherms was the best order that described the equilibrium adsorption data. The results revealed
pseudo-second-order to be the most ideal model in describing the kinetics data.
 2015 University of Bahrain. Publishing services by Elsevier B.V. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Recently, one of the most troubling environmental challenges
troubling developing countries is water pollution (Galadima
et al., 2011). Thousands of these water pollutants are chemical
contaminants with many of them of organic origin which
include chlorophenols. Guaiacols are among those chemical
contaminants with pharmacological properties quite analo-
gous to those of phenol. Chlorinated guaiacols are closely
related to chlorophenols.Adsorption is one of the most useful and effective among
the control technologies (El Haddad et al., 2012, 2013;
Noreen and Bhatti, 2014; Noreen et al., 2013) for the waste
water treatment with the most broadly employed adsorbent
being activated carbon due to simplicity in design, lofty
adsorption capacity and fast adsorption kinetics (Garba
et al., 2014). Activated carbons (AC) are the most sought after
adsorbents (Jodeh et al., 2016) due to their versatile surface
characteristics, widely utilized for a variety of industrial
applications. The conversion of an agricultural waste material
into a useful commodity toward the removal of a potential
contaminant seems to be an attractive way in economic as well
as environmental point of view.
Optimum conditions for AC preparation from PASH have
been reported in our earlier studies but no work has been
reported to be done on the adsorption application of the
Figure 1 FT-IR spectra for (a) PASH and (b) PASH-AC.
18 A.A. Rahim, Z.N. Garbaoptimal PASH-AC on any type of adsorbate which constitutes
the novelty of our work.
This work is therefore aimed at investigating the effect of
initial 4CG concentration, adsorption time and pH of the solu-
tion on the optimal activated carbon (PASH-AC) using potas-
sium oxalate (K2C2O4) as chemical activating agent for the
removal of 4-Chloroguiacol (4CG). Kinetic, equilibrium data
modeling as well as thermodynamics study of the spent
PASH-AC were also investigated. Similar experiments were
carried out under the same conditions with commercial acti-
vated carbon for comparison.
2. Materials and methods
2.1. Adsorbate (4-Chloroguiacol)
Sigma–Aldrich (M) Sdn Bhd, Malaysia supplied the adsorbate
(4CG) used with all the solutions prepared using deionized
water. 4CG has a molecular weight of 158.58 g/mol with chem-
ical formula of C7H7ClO.
2.2. Preparation of adsorbent (PASH-AC)
Prosopis africana seed hulls (PASH) used as the precursor was
collected from Nigeria. The procedure employed in producing
the PASH-AC was as reported in our erstwhile work (Garba
and Aﬁdah, 2014) where the precursor (PASH) was impreg-
nated with the K2C2O4. The optimum preparation conditions
applied were as obtained in our previous work (Garba and
Aﬁdah, 2014) which produced PASH-AC with reasonable
yield and signiﬁcant 4CG removal.
2.3. Removal of 4CG by batch adsorption
Batch adsorption experiments for the 4CG removal by PASH-
AC were conducted as reported in our formerly published
work (Garba et al., 2014).
The 4CG percentage removed at equilibrium (%R) was
evaluated as:
4CG removal ð%Þ ¼ Co  Ce
Co
 100 ð1Þ
where the initial and equilibrium concentrations are denoted as
Co and Ce (mg/L), respectively.
The adsorbed equilibrium amount of 4CG, qe (mg/g), was
estimated by Eq. (2):
qe ¼
ðCo  CeÞV
W
ð2Þ
In order to analyze kinetics of the adsorption process, the
4CG concentration was evaluated at interludes of time. The
4CG amount adsorbed at time t, qt (mg/g) was evaluated using
Eq. (3):
qt ¼
ðCo  CtÞV
W
ð3Þ
The pH of the solution was adjusted with 0.1 M HCl and
0.1 M KOH solutions in order to study the effect of initialpH (2–12) on the 4CG adsorption by PASH-AC and measured
using a pH meter (Martini instrument, Mi 150).
Fourier Transform Infrared (FTIR) spectroscopy (FTIR-
2000, PerkinElmer) with KBr technique was used in analysing
the functional groups on the precursor as well as the PASH-
AC surface. The spectra were documented from 4000 to
400 cm1.
3. Results and discussion
3.1. Characterization of PASH-AC
The spectra of precursor and PASH-AC in Fig. 1 show an
increase and/or decrease of peaks. The broad bands between
3500 and 3200 cm1 on the spectra signify the presence of
O–H or N–H functional groups, peaks between 3300–
3000 cm1 and 3000–2800 cm1 have been allotted to unsatu-
rated as well as saturated C–H respectively, those bands at
1800–1600 cm1, 1600–1700 cm1 and 1500–1600 cm1 were
for C‚O, C‚C or aromatic rings and C„N respectively
(Shi et al., 2010). The bands between 1500 and 1400 cm1 con-
note the presence of C–C stretching, additionally, the presence
of C–O stretching in carboxyl acids, alcohols, phenols and
esters was justiﬁed by the bands between 1260 and
1050 cm1. The weak peak located between 700 and 800 was
designated to C–OH (out of plane bending) in phenol. As
can be seen from the spectra, numerous functional groups van-
ished after carbonization and activation processes. This was
attributed to thermal degradation effect which resulted in the
destruction of some intermolecular bonding.
Figure 3 Effect of solution pH on 4CG removal by PASH-AC.
Adsorption of 4-Chloroguiacol from aqueous solution 193.2. Influence of adsorption time and 4CG concentrations
The inﬂuence of adsorption time on the 4CG removal by
PASH-AC for six different adsorbate concentrations at 30 C
is described in Fig. 2. Rapid increase of the 4CG concentra-
tions can be observed from the start, with much slower uptake
following until equilibrium was established.
Equilibrium position was attained at shorter time for lower
initial concentrations than at higher initial concentrations as
can be observed. The difference in equilibrium time attainment
was attributed to the faster extinction or disappearance of
adsorbate molecules at different initial concentrations
(Hameed et al., 2008). The inﬂuence of potassium oxalate
activating agent for the development of mesoporous and high
surface area of PASH-AC with numerous functional groups as
seen in characterization results enhanced the faster adsorption
process observed.
3.3. Effect of solution pH
Charge on adsorbent surface, functional group detachment on
its effective sites, the extent of ionization as well as structural
changes of adsorbate molecules can be inﬂuenced by solution
pH. As shown in Fig. 3, 4CG percentage removal shows a sig-
niﬁcant decrease with an upsurge in the solution pH from 2 to
12. The percentage removal, as high as 95.81% was achieved at
pH 2, which was attributed to its high tendency of hydrogen
bond formation with the surface of the PASH-AC due to the
withdrawing group effect exerted by the methoxy group
(Hamad et al., 2011).
3.4. Adsorption isotherm modeling
Three most popular isotherm models (Temkin, Langmuir as
well as Freundlich) were applied to probe the equilibrium data.
Langmuir isotherm is one of the highly popular isotherms
for the removal of dyes as well as other organic pollutants
by adsorption onto activated carbon. The model is explained
by Eq. (4) (Langmuir, 1916):Figure 2 Effect of contact time on 4CG adsorption onto PASH-
AC at various initial concentrations.qe ¼
KLQ
0
aCe
1þ KLCe ð4Þ
The isotherm constants associated with adsorption capacity
and rate of adsorption were symbolized as Q0a (mg/g) and KL
(L/mg) respectively. Eq. (4) was expressed in ﬁve different lin-
ear forms, as tabulated in Table 1, with their major main dis-
parities connected to the distribution of data as well as the
parameter determination accuracy (Baccar et al., 2013).
The term describing essential characteristics of the mono-
layer equation is referred to as dimensionless separation factor
(RL), deﬁned as (Sadaf et al., 2015):
RL ¼ 1
1þ KLCo ð5Þ
with Co standing for the highest 4CG initial concentration.
Unfavorable adsorption is described by RL> 1, linear if
RL = 1, favorable for 0, (0 < RL< 1) as well as irreversible
adsorption if RL = 0.
Second most widely used isotherm model is Freundlich iso-
therm postulated base on surfaces that are heterogeneous. Its
logarithmic form is expressed as (Freundlich, 1906):
log qe ¼ logKF þ
1
n
logCe ð6Þ
with the two constants symbolized as KF and n measuring the
adsorption capacity of the adsorbent as well as how the modelTable 1 Linear forms of Langmuir isotherm.
Isotherm Linear form Plot
Langmuir-1 1
qe
¼ 1
KLQ
o
aCe
þ 1
Qoa
1
qe
vs
1
Ce
Langmuir-2 Ce
qe
¼ Ce
Qoa
þ 1
KLQ
o
a
Ce
qe
vs Ce
Langmuir-3 qe ¼ 
qe
KLCe
þQoa qevs
qe
Ce
Langmuir-4 qe
Ce
¼ KLqe þ KLQoa
qe
Ce
vs qe
Langmuir-5 1
Ce
¼ KLQ
o
a
qe
 KL
1
Ce
vs
1
qe
20 A.A. Rahim, Z.N. Garbadeviates from linearity, respectively. Generally, n> 1 suggests
favorable adsorption of adsorbate on the adsorbent. The
greater the value of n, the more sturdy the adsorption strength.
Temkin model was based on how indirect adsorbent/adsor-
bate interactions inﬂuence the adsorption isotherms. Its linear
form is expressed as (Temkin and Pyzhev, 1940):
qe ¼
RT
b
lnAþ RT
b
lnCe ð7Þ
where RT
b
= B (J/mol) and A (L/g) are Temkin constants,
which are related to heat of sorption and maximum binding
energy, respectively, R is the gas constant (8.31 J/mol K) and
T (K) is the absolute temperature.
To compare the validity of each model, chi square (v2) was
incorporated since correlation coefﬁcient (R2) may not justify
the basis for selecting the best adsorption model because it
only signiﬁes the ﬁt between linear forms of the isotherm equa-
tions and experimental data and while the suitability between
experimental and predicted values of the adsorption capacity
is described by chi square (v2). The lower the v2 value, the bet-
ter the ﬁt.
Table 2 summarizes the parameters obtained from the
adsorption isotherm models applied with their respective R2
and v2 values. The Langmuir parameters obtained from theTable 2 Langmuir (1–5), Freundlich and Temkin isotherm
model parameter correlation coefﬁcients and chi square values
for 4CG adsorption on PASH-AC at 30 C.
Isotherm Parameters
Q0a (mg/g) RL R
2 v2
Langmuir
Langmuir-1 407.29 0.054 0.9986 1.130
Langmuir-2 498.67 0.069 0.9957 0.234
Langmuir-3 481.57 0.067 0.9792 8.728
Langmuir-4 493.09 0.055 0.9792 1.420
Langmuir-5 413.59 0.055 0.9986 2.860
KF (mg/g (L/mg) n R
2 v2
Freundlich 2.3276 1.382 0.9904 0.759
A (L/g) B (J/mol) R2 v2
Temkin 0.644 85.518 0.9470 59.859
Table 3 Comparison of maximum monolayer adsorption capacity
Adsorbent Adsorbate
PASH-AC 4-Chloroguaiacol
Commercial activated carbon 4-Chloroguaiacol
Oil palm shell activated carbon 4-Chloroguaiacol
Oil palm shell activated carbon 4-chloro2-methoxy
Rattan sawdust based activated carbon 4-chlorophenol
Cattail ﬁbre-based activated carbon 2,4-Dichloropheno
Rice straw carbon 3-chlorophenolﬁve linear equations were not the same as can be observed
from Table 2, because the transformations change the original
error distribution (Baccar et al., 2013). Based on the R2 values,
the best ﬁt should have been Langmuir-1 or Langmuir-5 iso-
therms in comparison with the other isotherm equations
because they showed the largest values (R2 = 0.9986).
But according to Baccar et al. (2013) the highest R2 does
not necessarily describe the most superlative transformation.
So as observed from Table 2, Langmuir-1 and 5 had the high-
est R2 values (R2 = 0.9986) but their v2 values (1.130) were
also larger, higher than Langmuir-2 (0.234), therefore they
cannot be concluded to perfectly describe the equilibrium data.
It can also be seen from Table 2 that v2 value of the Langmuir-
2 isotherm (0.234) was lower than those obtained from the Fre-
undlich (0.759) and Temkin (59.859), therefore, the maximum
adsorption capacity (Q0aÞ; sorption energy (KL) and separation
factor (RL) values of 498.67 mg/g, 0.038 and 0.069, respectively
were adopted from the Langmuir-2 equation.
The high Q0a of 498.67 mg/g observed in this study was
attributed to the relatively high surface area of the PASH-
AC and its mesoporous structure (Garba and Aﬁdah, 2014).
It compares well with those obtained from the literature as
summarized in Table 3.
3.5. Adsorption kinetic studies
The kinetics of 4CG adsorption was investigated by applying
Lagergren pseudo-ﬁrst order and pseudo-second order (1 and
2) models. The pseudo-ﬁrst-order linear equation was given
as (Lagergren and Svenska, 1898):
log ðqe  qtÞ ¼ log qe 
k1
2:303
t ð8Þ
where k1 is the pseudo-ﬁrst-order rate constant (h
1).
The two linear forms of pseudo-second-order equations
were expressed as Eqs. (9) and (10):
t
qt
¼ 1
k2q2e
þ 1
qe
t ð9Þ
1
qt
¼ 1
k2q2e
 
1
t
þ 1
qe
ð10Þ
where k2 (g/mgh) is the pseudo-second-order rate constant.
The values of qe, k1, R
2 and v2 obtained after the linear
plots of Eq. (8) and qe, k2, R
2 and v2 from the plots of Eqs.of various CPs on different adsorbents.
Q0a (mg/g) References
498.67 This work
276.88 This study
454.45 Hamad et al. (2010)
phenol 323.62 Hamad et al. (2011)
188.68 Hameed et al. (2008)
l 142.86 Ren et al. (2011)
14.2 Wang et al. (2007)
Table 4 Pseudo-ﬁrst-order and pseudo-second-order (1 and 2) kinetic model parameters of 4CG adsorption on PASH-AC at 30 C.
Co (mg/L) qe,exp (mg/g) Pseudo-ﬁrst-order Pseudo-second-order-1 Pseudo-second-order-2
k1 (1/h) qe,cal (mg/g) R
2 v2 k2 (g/mg h) qe,cal (mg/g) R
2 v2 k2 (g/mg h) qe,cal (mg/g) R
2 v2
30 28.51 0.330 14.73 0.981 0.234 0.100 26.88 0.996 0.003 0.178 24.57 0.960 0.019
60 56.60 0.482 41.21 0.989 0.074 0.023 59.52 0.997 0.003 0.029 55.87 0.998 0.001
100 93.81 0.377 57.73 0.988 0.148 0.021 90.91 0.992 0.001 0.037 81.97 0.969 0.016
150 139.31 0.430 89.78 0.997 0.126 0.013 138.89 0.993 0.009 0.026 120.48 0.958 0.018
250 228.38 0.356 134.15 0.978 0.170 0.010 217.39 0.995 0.002 0.016 200.00 0.972 0.015
350 307.86 0.421 215.48 0.990 0.090 0.005 312.50 0.996 0.002 0.0064 285.71 0.991 0.005
Figure 4 Plot of intraparticle diffusion model for adsorption of
4CG onto PASH-AC at 30 C.
Adsorption of 4-Chloroguiacol from aqueous solution 21(9) and (10) (ﬁgures not shown) for the 4CG adsorption on the
PASH-AC are reported in Table 4.
As can be observed from Table 4, the trends of R2 values
(0.981–0.997) for the pseudo-ﬁrst-order model were not coher-
ent. Also, the calculated and experimental qe values were not in
good concord with each other, indicating the inappropriate-
ness of pseudo ﬁrst-order kinetic model in describing 4CG
adsorption onto PASH-AC. However, the harmony between
experimental and calculated qe values obtained from pseudo-
second-order (1 and 2) models were lofty with all the R2 values
obtained very near to unity, conﬁrming that the most suitable
model to describe 4CG adsorption onto PASH-AC was
pseudo-second-order model. To further conﬁrm the suitabilityTable 5 Intraparticle diffusion model parameters for the adsorptio
Co (mg/L) Intraparticle diﬀusion model
kp2 (mg/g h
1/2) kp3 (mg/g h
1/2)
30 6.847 –
60 20.593 0.2227
100 26.770 0.5229
150 42.560 0.2742
250 64.115 –
350 106.980 –of these kinetic models in describing the 4CG adsorption pro-
cess, chi-square (v2) statistical analysis was also applied. As
can be observed from Table 4, the v2 values acquired from
both the pseudo-second-order 1 and 2 models (0.001–0.019)
were lower than those obtained from the pseudo-ﬁrst-order
(0.074–0.234) which further conﬁrms the pseudo-second-
order equation to be the most preeminent kinetic model in
describing the 4CG adsorption onto PASH-AC.
The kinetic models were limited in terms of identifying the
diffusion mechanisms as well as the rate controlling steps in the
adsorption process, as result of that limitation; intraparticle
diffusion model was further applied. The intraparticle diffu-
sion equation is expressed as:
qt ¼ kipt1=2 þ C ð11Þ
where kip is rate constant of the intra-particle diffusion equa-
tion and C gives information about the boundary layer thick-
ness: larger value of C is associated with the boundary layer
diffusion effect. When the linear plot qt versus t
1/2 is linear
and passes through the origin, it connotes that the adsorption
process follows the intraparticle diffusion model, and that the
only rate limiting step involved is intraparticle diffusion, if not,
then it connotes that intraparticle diffusion is not the only rate
limiting step involved (Fan et al., 2011).
The intraparticle diffusion plots for the adsorption of 4CG
on PASH-AC at 30 C are depicted by Fig. 4.
As can be seen from Fig. 4, a very rapid adsorption was
described by the ﬁrst sharper region completed attributed to
a strong electrostatic attraction between 4CG and the
PASH-AC external surface. The next stage describes a steady
adsorption stage, which can be attributed to intraparticlen of 4CG onto PASH-AC.
C2 C3 (R2)
2 (R3)
2
11.007 25.750 0.9561 –
9.692 52.633 0.9534 0.4919
27.354 87.648 0.9660 0.4919
37.794 135.630 0.9835 0.4919
69.124 – 0.9498 –
55.924 – 0.9639 –
Table 6 Thermodynamic parameters for the adsorption of
4CG onto PASH-AC at different temperatures.
DH (kJ/mol) DS (J/mol K) DG (kJ/mol)
303 K 313 K 323 K
1.49 24.30 5.94 5.96 6.43
22 A.A. Rahim, Z.N. Garbadiffusion of the 4CG molecule through the activated carbon’s
pores. Third stage exists in few cases, especially when the 4CG
initial concentrations are high. At that stage, the intraparticle
diffusion starts to slow down (Wang et al., 2010).
The values of kpi, Ci and R
2 obtained are given in Table 5.
The values of kp2 as can be seen from Table 5 increased with
upsurge in the initial 4CG concentration, which was attributed
to the greater driving force. The values of C2 and C3 also
increased with the increase in 4CG concentration from 30 to
350 mg/L signifying an increase in the thickness of the bound-
ary layer (Khaled et al., 2009).
In the second and third stages as can be observed from
Fig. 4, the linear lines did not pass through the origin which
suggested the presence of intraparticle diffusion along with
possibility of involvement of some other rate controlling steps
in the adsorption process (Maksin et al., 2012).
3.6. Adsorption thermodynamic studies
Gibb’s free energy change (DG), enthalpy change (DH) and
entropy change (DS) are the most popular thermodynamic
parameters that were considered and studied in this work. Van’t
Hoff equationwas employed in determining the thermodynamic
parameters which was expressed as (Slimani et al., 2014):
ln KD ¼ DS
R
 DH
RT
ð12Þ
where R (8.314 kJ/mol) is the universal gas constant; T (K) is
the absolute temperature; KD ¼ qeCe is the distribution coefﬁ-
cient; qe (mg/g) is the amount of adsorbate adsorbed on the
sorbent per unit mass. A linear plot of lnKD against 1/T gives
a graph (Fig. not shown) with DH and DS obtained from the
slope and intercept respectively. DG was evaluated from the
relation below:
DG ¼ RT ln KD ð13Þ
The thermodynamic parameters obtained for the adsorp-
tion of the 4CG on PASH-AC at three different temperatures
are reported in Table 6.
Positive values were obtained for both DH and DS, implying
that the 4CG adsorption process was endothermic with random
characteristics. The Gibb’s free energy of change was sponta-
neous as can be seen by the negative values obtained. The DG
values also conﬁrmed the adsorption of 4CG onto PASH-AC
to be a physical process with the physical adsorption values
ranging from 20 to 0 kJ/mol while value from 80 to
400 kJ/mol describes chemical adsorption (Li et al., 2010).
4. Conclusions
PASH-AC was produced from Prosopis africana seed hulls. Its
adsorption capacity was observed to be increasing with anupsurge in both adsorption time as well as initial 4CG concen-
tration. The adsorption process was more promising in lower
pH solution with the Langmuir-2 model being the most appro-
priate in describing the equilibrium data. The kinetics data
obeyed pseudo-second-order model. 4CG adsorption onto
PASH-AC was primarily presided by particle diffusion
according to the Boyd plot. The positive DH values observed
connoted the adsorption process to be endothermic. The
adsorption potential of the PASH-AC competed satisfactorily
with earlier studied adsorbents. Based on the obtained results,
the PASH-AC produced can be used effectively to tackle pol-
lution problems posed by chloroguaicols in the environment.
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